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Abstract 


Assessment  of  accuracy  is  dominated  by  a  detailed  experimental  investigation  of  the 
launch  and  flight  performance  of  a  launcher  and  round.  This  assessment  is  commonly 
called  a  jump  test.  To  evaluate  the  path  of  the  round  as  it  accelerates  down  the  launcher, 
exits  the  barrel,  and  flies  downrange  to  the  target,  single-shot  firings  are  conducted.  In 
the  most  recent  test,  integrated  launch  packages  (ILPs)  were  launched  at  an  exit  velocity 
of  1,350  m/s.  The  test  provides  for  the  only  set  of  accuracy  data  available  in  the  world  on 
EM  gun-launched  projectiles.  The  impact  data  show  larger  variability  in  the  vertical 
direction  than  in  the  horizontal  direction.  Results  from  the  jump  test  indicate  that  effects 
of  the  deviation  of  the  launcher  centerline  (i.e.,  straightness)  contribute  significantly  to 
the  target  impact  dispersion.  Substantial  linear  and  angular  rates  at  the  muzzle  are  evident 
in  the  vertical  direction.  The  contribution  attributable  to  sabot  discard  is  minimal  in 
either  plane. 
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1.  Introduction 


The  earliest  documented  assessment  of  accuracy  for  electromagnetic  gun-launched 
projectiles  occurred  in  1997  [1].  The  primary  objective  of  the  test  program,  however,  was  to 
verify  single-shot  performance  for  the  launcher  and  integrated  launch  package  (ILP).  During  the 
course  of  testing  a  developmental  approach  allowed  accuracy  to  be  assessed  simply  due  to  the 
multitude  of  data  acquired  throughout  the  duration  of  the  program.  The  initial  results  indicated 
that  the  largest  disturbances  were  located  in  the  vertical  direction  (i.e.,  the  rail  plane).  The 
in-bore  balloting  loads  created  by  the  deviation  of  the  bore  centerline  (i.e.,  straightness) 
contributed  significantly  to  the  round  to  round  dispersion.  Unfortunately,  testing  with  this 
launcher  was  halted  while  attempting  to  demonstrate  maximum  performance. 

In  the  most  recent  and  most  comprehensive  jump  test,  a  capacitor  bank  was  used  to  provide 
energy  to  the  cannon  caliber  electromagnetic  launcher  [2].  The  initial  charge  voltage  was  7.2  kV 
and  the  muzzle  switch,  used  to  ensure  zero  current  at  projectile  exit,  was  closed  at  2.14  ms  [3]. 
The  average  peak  current  for  the  jump  test  was  615  kA,  +2  kA.  The  average  launch  velocity 
determined  from  the  multistation  flash  x-ray  images  was  1,351  m/s,  ±10  m/s.  Other  electrical 
data  acquired  during  the  shot  include  the  breech,  laimcher,  and  muzzle  voltages.  The  voltage 
data  and  previous  analysis  indicate  that  the  rear  armature  contact  transitioned.  While  transition 
certainly  plays  an  important  role  in  ILP  performance,  the  entire  accuracy  evaluation  was 
conducted  with  a  transitioned  rear  contact. 

For  evaluating  launch  dynamics,  an  aim  point  and  intended  line  of  flight  (LoF)  is  essential;  it 
was  established  using  a  boresight.  The  boresight  is  inserted  in  the  muzzle  end  of  the  launcher 
and  the  crosshair  in  the  eyepiece  is  marked  on  the  downrange  target.  However,  since  the 
boresight  is  referenced  to  the  bore  surface,  some  misalignment  and  variability  can  exist  because 
of  the  deviations  of  the  bore  centerline  and  surfaces.  It  was  found  that  the  standard  deviation  for 
the  horizontal  direction  is  0.36  mil  and  0.42  mil  in  the  vertical  direction.  (One  mil  corresponds 
to  1  yd  of  deflection  per  1,000  yd  of  range.)  To  reference  the  launcher  LoF  to  the  x-rays,  a  steel 
cable  was  attached  at  the  breech,  pulled  through  the  launcher,  and  suspended  over  a  pulley 
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5-m  downrange.  The  pulley  was  aligned  with  the  boresight  crosshair.  The  cable,  for  indicating 
LoF,  and  beads,  for  referencing  the  subprojectile  center  of  gravity  (eg)  location,  were 
superimposed  upon  each  x-ray.  The  LoF  was  corrected  for  misalignment  with  the  boresight 
reading  in  the  x-ray  data  reduction  software. 

Yaw  cards  (cardboard  targets)  were  consistently  used  to  assess  the  free-flight  aerodynamics 
of  the  projectile.  Seven  yaw  cards  were  placed  at  measured  intervals  along  the  first  40  m  of 
trajectory.  New  yaw  cards  were  put  up  before  each  shot,  and  the  yaw  card  located  at  40  m  was 
indicated  with  the  boresight.  The  length  of  the  subprojectile  impact  and  the  angular  orientation 
relative  to  a  vertical  reference  line  were  recorded.  The  pitch,  yaw,  and  angle  of  attack  (AoA) 
could  then  be  determined  from  geometry.  The  maximum  flight  range  was  222  m. 

1.1  Free-FIight  Data  and  Analysis.  The  free-flight  angular  motion  of  the  subprojectile  was 
measured  using  the  yaw  cards  placed  along  the  flight  path.  The  measured  angular  motion  was 
then  fitted  to  a  theoretical  model  of  the  yawing  motion,  which  is  based  on  an  analytical  solution 
of  the  yawing  motion  of  a  rolling  symmetric  missile  [1,  4].  From  the  theoretical  model,  it  is 
possible  to  extract  information  about  the  aerodynamic  performance  of  the  subprojectile  and 
quantify  the  disturbances  to  the  subprojectile  during  the  launch  and  sabot  discard.  This 
establishes  the  initial  conditions  for  the  free-flight  angular  motion.  This  information  is  then  used 
to  evaluate  aspects  of  the  transitional  ballistics  which  effect  the  accuracy  and  dispersion  of  the 
subprojectile. 

1.2  Jump.  In  this  section,  the  series  of  six  disturbances  from  shot  start  to  target  impact  (TI) 
are  discussed.  Jump  is  a  vector,  the  sum  of  whose  horizontal  and  vertical  components  is  equal  to 
the  linear  deviation  from  the  line  of  fire  produced  by  forces  acting  on  the  ILP.  These 
displacements  are  typically  expressed  in  mils.  The  first  component  is  the  pointing  angle  (PA)  of 
the  muzzle  at  projectile  exit.  At  the  same  time,  the  muzzle  experiences  a  crossing  velocity  (CV) 
that  is  imposed  upon  the  projectile.  The  third  component  is  the  angular  deviation  of  the 
projectile  eg  motion  (CG)  relative  to  the  instantaneous  bore  centerline  at  projectile  exit.  The 
next  component  is  the  net  deviation  attributable  to  sabot  discard  disturbances  (SD).  The  fifth 
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jump  component  is  the  aerodynamic  jump  (AJ).  The  final  jump  component  is  the  displacement 
attributable  to  gravity  (g)  (GD).  Each  jump  component  has  a  variability  associated  with  it.  If  the 
individual  jump  components  are  independent  of  each  other  (i.e.,  no  cross-correlation)  and  the 
data  are  normally  distributed  (in  a  statistical  sense),  the  square  root  of  the  sum  of  the  individual 
jump  dispersions  squared  should  equal  the  target  impact  dispersion  (TID).  Differences  are 
attributed  to  measurement  errors  and  cross-correlation.  A  jump  diagram  is  shown  in  Figure  1. 
For  the  accuracy  assessment  discussed  here,  the  terms  attributable  to  muzzle  motion  (PA  and 
CV)  are  zero  due  to  the  relatively  stiff  launcher  mounting.  A  thorough  discussion  of  projectile 
jump  and  its  measurement  can  be  found  in  the  literature  [5]. 


Horizontal  (mils) 

-2.5  -2  -1.5  -1  -0.5  0  0.5  1  1.5  2  2.5 


Figure  1.  Jump  Diagram. 


1.3  Linear  Rates.  Each  of  the  jump  components  were  deduced  using  a  variety  of  existing 
transitional  ballistic  measurement  techniques.  The  CG  vector  is  determined  from  the  location  of 
the  subprojectile's  eg  relative  to  the  fiducial  in  the  multistation  orthogonal  x-rays.  A  straight  line 
is  fit  to  the  eg  locations  as  a  fimetion  of  range  for  each  plane  and  the  slope  of  the  line  is  the  CG 
vector.  The  first  three  x-ray  stations  are  used  to  determine  the  CG  vector.  The  last  three  x-ray 
stations  are  used  to  determine  the  final  deflection  of  the  subprojectile's  trajectory  prior  to 
entering  free  flight.  This  deflection  is  determined  finrn  the  slope  of  a  straight  line  fit  to  the  eg 
displacements  from  the  final  three  x-ray  stations.  The  SD  jump  occurs  after  the  CG  jump  and 
prior  to  the  subprojectile  entering  free  flight.  Hence,  the  SD  vector  is  determined  from  the 
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difference  between  the  deflection  measured  from  the  last  three  x-rays  and  the  deflection 
attributable  to  the  CG  vector.  An  example  of  the  x-ray  data  for  shot  12,  with  the  downrange 
distances  indicated,  is  shown  in  Figure  2. 


Figure  2.  Orthogonal  X-ray  Images  From  Shot  12. 

Once  the  subprojectile  enters  freeflight,  it  is  subjected  to  aerodynamic  forces  which  may 
further  deflect  the  flight  trajectory  of  the  subprojectile.  The  deflection  due  to  the  aerodynamic 
forces  can  be  decomposed  into  mean  and  fluctuating  components.  The  mean  component  is 
referred  to  as  aerodynamic  jump  and  it  is  produced  by  the  angular  rates  as  the  round  enters  free 
flight.  These  rates  cause  a  linear  deviation  of  the  mean  trajectory  from  the  velocity  vector  the 
projectile  has  entering  freeflight.  The  yaw  card  data  is  used  to  measure  the  free-flight  angular 
rates.  A  reasonable  approximation  for  AJ  in  mils  [1]  is  given  as 


I.Cl 

AJ  =  -1000-^-^^6'. 
mdC„ 


(1) 


The  subprojectile  moment  of  inertia  (h),  diameter  (d),  mass  (m),  and  Cma  were  measured, 
whereas  Cta  was  obtained  from  CFD  computations.  The  angular  rate  (in  rad/m).  S',  was 
determined  for  each  plane,  3.1-m  downrange  (i.e.,  free  flight)  from  the  fits  to  the  yaw  card  data. 


In  addition  to  the  mean  deflection  of  the  trajectory,  the  projectile's  swerving  motion  also  has 
a  fluctuating  component,  s,  produced  by  the  aerodynamic  forces  associated  with  the  yawing 
motion  of  the  round.  These  deflections  are  typically  small  and  are  usually  not  considered  in  a 
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jump  test  where  the  yaw  card  targets  are  many  yaw  cycles  from  the  muzzle  of  the  gim.  Since  the 
impact  data  used  to  evaluate  the  jump  components  in  the  present  evaluation  are  taken  after 
approximately  one  cycle  of  yawing  motion,  the  fluctuating  part  of  the  swerving  motion  is 
included.  This  term  represents  an  additional  displacement  for  each  plane  along  the  trajectory. 
The  fluctuating  part  of  the  swerving  motion  can  be  determined  by  integrating  the  equations  of 
motion  using  the  predicted  lift  coefficient,  Clu,  and  the  measured  yawing  motion.  The  resulting 
swerving  motion  is  dampened  periodically  and  is  accounted  for  in  the  jump  diagram  by 
correcting  the  impact  location.  Fortuitously,  s  is  close  to  a  minimum  at  the  40-m  yaw  card  which 
then  minimizes  the  impact  on  the  jiimp  diagram. 

Finally,  GD,  which  only  appears  as  a  vertical  displacement,  has  been  computed  in  mils  from 
the  launch  velocity  (V)  and  range  (Z)  as 


GD  =  1000-^.  (2) 

2V' 

The  target  impact  shown  in  Figure  1  has  been  corrected  for  both  the  fluctuating  part  of  the 
swerving  motion  and  the  vertical  displacement  due  to  gravity. 

Once  the  jump  vector  diagram  is  assembled  for  each  shot,  each  vector  is  referenced  from  the 
origin.  The  variability  of  the  vectors  for  each  component  is  then  computed  as  the  dispersion  for 
the  jmnp  component.  It  is  important  to  note  that  the  summation  of  the  jump  vectors  without 
cross-correlations  should  end  at  the  impact  location  (i.e.,  closed).  However,  sources  of 
measurement  error  should  be  accounted  for  in  the  analysis.  (For  example,  the  impact  location  is 
known  relative  to  the  bore  centerline  to  within  the  variability  of  the  boresight.)  It  is 
unreasonable  to  hold  the  impact  location  as  an  error-free  datum.  An  error  analysis  was 
conducted  on  the  measured  data;  the  result  indicates  that  for  all  shots,  an  average  of  4  mm  is 
needed  in  the  horizontal  direction  and  15  mm  in  the  vertical  direction  for  the  trajectory  to  be 
within  the  impact  location  determined  by  the  boresight.  Therefore,  based  on  the  boresight 
variability  and  x-ray  measurement  accuracy,  the  jump  diagrams  are  considered  “closed”  for  each 
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shot,  and  no  additional  vectors  are  added  to  the  existing  components  to  close  with  the  measured 
target  impact  location. 

1.4  Angular  Rates.  The  angular  rates  determined  by  the  first  three  x-rays  are  indicative  of 
the  in-bore  balloting  forces  acting  on  the  ILP  eg.  The  angular  rates  associated  with  free  flight  are 
also  a  result  of  the  armature  discard  event  and  represent  the  final  angular  motion  of  the  round. 
The  free-flight  angular  rates  are  larger  in  the  present  jump  test  than  the  rates  measured  in 
previous  tests  [1].  The  average  magnitude  of  the  free-flight  angular  rate  is  1.72°/m  in  the  rail 
direction  and  0.63”/m  in  the  insulator  direction.  On  average,  the  rates  representative  of  in-bore 
balloting  contribute  65%  toward  the  free-flight  rates.  Thus,  the  dominant  factor  driving  AJ  is 
due  to  in-bore  balloting.  Similar  conclusions  were  reached  in  a  prior  experimental  effort  [1]. 

1.5  Dispersion.  In  Figure  3,  the  dispersions  for  the  CG,  SD,  and  AJ  jump  components  are 
plotted  for  the  insulator  (horizontal)  and  rail  (vertical)  directions.  The  component  dispersions  are 
larger  in  the  rail  direction  than  in  the  insulator  direction.  This  trend  was  also  observed  in 
previous  work  [1].  However,  the  dominant  contribution  in  the  rail  direction  is  from  the 
aerodynamic  jump,  while  in  the  insulator  direction  it  is  attributable  to  in-bore  balloting.  As 
alluded  to  previously,  the  rates  generated  from  the  launcher  contribute  significantly  to  the 
dispersion. 

The  horizontal  and  vertical  TIDs,  based  on  a  linear  summation  of  the  jump  vectors  and  no 
cross-correlation,  are  0.62  and  2.07  mils  and  are  quite  reasonable  compared  to  the  TID  measured 
at  the  40-m  yaw  card  target  (0.64  and  2.73  mils).  This  agreement  is  encouraging  since  the 
calculations  for  the  jump  vectors  do  not  rely  on  the  target  impact  location  data. 

The  impact  data  used  to  determine  the  TED  was  obtained  40-m  downrange.  The  impact  data 
are  corrected  for  the  misalignment  in  the  LoF  due  to  boresight  errors.  Shown  in  Figure  4  is  the 
TED  as  a  function  of  launch  velocity.  Data  from  previous  work  on  a  similar  ILP  [1],  as  well  as 
that  from  a  similar-caliber,  conventionally-launched  mimition  are  also  included.  The  dashed 
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Figure  3.  Jump  Coraponeut  dispersions. 


Figure  4.  Target  Impact  Dispersion  as  a  Function  of  Launch  Velocity. 


lines  are  extrapolations  of  the  measured  data  beyond  1,500  m/s.  The  TID  appears  to  increase 
linearly  with  velocity  at  a  rate  of  1.4mils/km/s.  Despite  the  seemingly  linear  relationship, 
further  commentary  is  not  warranted  since  the  prior  data  used  an  identical  launcher  with  a 
different  centerline. 

The  correlation  of  launcher  straightness  with  accuracy  and  dispersion  is  not  new  [6,  7].  The 
angular  rates  and  variability  of  the  CG  jump  vector  suggest  that  railgun  straightness  may  be 
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correlated  with  accuracy  and  dispersion.  The  deviation  from  the  bore  centerline  is  measured  as  a 
function  of  launcher  length  for  the  recent  assessment  and  is  shown  in  Figure  5.  The  vertical 
component  of  the  CG  vector  is  in  agreement  with  the  trend  of  the  centerline  in  the  rail  direction 
at  the  muzzle.  All  of  the  ILPs  exit  the  launcher  oriented  upwards.  However,  the  same 
correlation  is  not  evident  in  the  insulator  direction.  Nonetheless,  producing  a  smoother 
centerline  will  certainly  contribute  to  smaller  angular  and  linear  rates. 


Figure  5.  Measurement  of  the  Deviation  From  the  Bore  Centerline. 

2.  Technical  Issues 

The  linear  and  angular  rates  produced  by  the  launcher  appear  to  be  the  major  contributor  to 
the  TDD.  The  dominant  linear  rate  for  both  planes  was  produced  by  the  launcher  (CG).  The 
linear  rates  were  effectively  managed  using  a  less  stiff  front  armature  contact  compared  to  that 
measured  in  previous  results  [1]. 

The  angular  rates  produced  by  the  launcher  contribute  significantly  toward  the  free-flight 
rates.  These  rates  manifest  themselves  as  a  linear  displacement  in  aerodynamic  jump  (AJ). 
These  rates  are  managed  in  the  subprojectile  by  the  pitching  moment  coefficient.  The  goal  of 
further  enhancing  accuracy  is  then  to  balance  the  contribution  of  the  linear  and  angular  rates 
through  armatiu'e  and  subprojectile  design  changes  so  that  the  combined  contribution  toward  TBD 
is  minimized.  While  this  trade-off  can  be  accomplished  analytically,  obtaining  a  balance 
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depends  on  the  rates  generated  by  the  launcher;  therefore,  it  can  best  be  quantified  only  through 
experiments. 

The  deviation  firom  the  bore  centerline  (i.e.,  straightness)  has  been  measured  on 
electromagnetic  railguns  [8-10].  However,  relatively  little  has  been  done  to  collectively  assess, 
quantify,  and  corroborate  the  causal  relationships.  Moreover,  even  less  has  been  done  to  address 
the  \mique  details  of  railgun  centerlines  both  in  terms  of  manufacturability  and  accuracy 
requirements. 

3.  Conclusions 

Accuracy  as  related  to  railguns  was  assessed  in  a  limited  number  of  tests.  The  most 
significant  contributor  to  dispersion  was  found  to  be  correlated  with  in-bore  dynamics  associated 
with  the  deviation  from  the  bore  centerline.  It  is  recommended  that  this  characteristic  of  the 
launcher  be  addressed  with  respect  to  manufacturability,  eis  its  origination  is  unclear.  Also,  the 
possibility  of  alternate  and/or  higher  accuracy  measurement  techniques  should  be  explored. 

Other  contributors  to  accmacy  not  previously  addressed  include  a  launcher  moimt  in  which 
the  muzzle  pointing  angle  (MP)  and  crossing  velocity  (CV)  are  not  zero.  The  relative  effect  of 
armature  contact  transition  and  gouging  can  be  readily  assessed  in  separate  experiments.  Finally, 
multishot  dynamics  should  be  addressed  along  with  consequences  for  extending  bore  life. 
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